1. Introduction {#sec1-materials-10-01180}
===============

Yttrium aluminum garnet Y~3~Al~5~O~12~ (YAG) is widely used as an optical host material due to its remarkable chemical stability, good mechanical properties, and flexible structural compatibility \[[@B1-materials-10-01180],[@B2-materials-10-01180],[@B3-materials-10-01180]\]. Many rare-earth or transition ions (Ce^3+^, Tb^3+^, Yb^3+^, Eu^3+^, Tm^3+^, Ho^3+^, Cr^3+^, etc.) doped YAG materials have been reported, and applied in the illumination and display field \[[@B4-materials-10-01180],[@B5-materials-10-01180],[@B6-materials-10-01180],[@B7-materials-10-01180],[@B8-materials-10-01180]\]. Especially, white light can be generated through a simple combination of blue-emitting devices and yellow emitting phosphor YAG:Ce^3+^, i.e., phosphor-converted LEDs (PC-LEDs), which have been successfully commercialized \[[@B9-materials-10-01180]\]. Therefore, adjusting luminescence properties of YAG:Ce^3+^ attract much attention via codoping with another lanthanide ions (La^3+^, Pr^3+^, Tb^3+^, Sm^3+^ codoping) \[[@B10-materials-10-01180],[@B11-materials-10-01180],[@B12-materials-10-01180],[@B13-materials-10-01180],[@B14-materials-10-01180]\] or modification of the host-lattice by substitution (Lu/Y, Ga/Al, Si/Al, N/O, Si-N/Al-O) \[[@B15-materials-10-01180],[@B16-materials-10-01180],[@B17-materials-10-01180],[@B18-materials-10-01180],[@B19-materials-10-01180],[@B20-materials-10-01180]\].

In practical applications, the phosphors in PC-LEDs may undergo thermal degradation after operating for a long time at a temperature higher than 150 °C \[[@B21-materials-10-01180]\]. In our previous work, it has been demonstrated that carbon coating deposited on the surface of BaMgAl~10~O~17~:Eu^2+^ phosphors is an effective way to improve the intensity and thermal stability of oxide phosphors \[[@B22-materials-10-01180]\]. The carbon coated phosphors show a higher emission intensity and a better oxidation resistance at high temperature than uncoated phosphors. These results also motivate us to perform carbon deposition on the surface of YAG:Ce^3+^ and investigate the effect of post heat-treatment on the structure and luminescence properties of YAG:Ce^3+^.

Referring to the carbothermal reduction and nitridation in the synthesis of nitrides from oxides and C in N~2~ atmosphere \[[@B23-materials-10-01180],[@B24-materials-10-01180],[@B25-materials-10-01180]\], we have applied post heat-treatment of carbon coated YAG:Ce^3+^ in N~2~ atmosphere in order to check whether it possibly triggers a reaction between C and YAG. Hence, a change in phase composition and microstructure may be introduced into YAG:Ce^3+^, which influences the luminescence properties of YAG:Ce^3+^. In addition, it is believed that the reduction ability is more significant in carbon-containing atmosphere than only in N~2~ atmosphere. When performing post heat-treatment on carbon coated YAG in N~2~ atmosphere, carbon will create a strong reducing atmosphere, converting the Ce^4+^ residual in YAG into Ce^3+^ ions based on the following formula \[[@B26-materials-10-01180]\], which is beneficial for the enhanced luminescence intensity of YAG:Ce^3+^ phosphor.
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In this paper, we investigate the deposition of a thin carbon layer on the surface of YAG:Ce^3+^ phosphors, and then performed heat-treatment of carbon coated YAG:Ce^3+^ phosphors in N~2~ atmosphere. It is demonstrated that a reaction between C and YAG indeed happens, which leads to changes in emission colour under ultraviolet (UV) irradiation as a function of different heat-treatment temperature.

2. Experimental Details {#sec2-materials-10-01180}
=======================

YAG:Ce^3+^ phosphors with a composition of Y~2.94~Ce~0.06~Al~5~O~12~ were prepared by solid-state reaction in Boron Nitride (BN) crucible from starting mixtures of Y~2~O~3~, Al~2~O~3~, and CeO~2~ (99.99 wt %, Sinopharm Chemical Reagent Co. Ltd. Shanghai, China) in N~2~ atmosphere at 1500 °C for 4 h. Then, carbon coating on the surface of YAG: Ce^3+^ was performed by chemical vapor deposition (CVD) at 700 °C under gas mixtures of N~2~ (gas flow rate: 100 mL/min) and C~2~H~2~ (gas flow rate: 50 mL/min). The procedures are as follows: (i) YAG:Ce^3+^ phosphor was put in the quartz boat; (ii) The quartz boat was put inside a conventional horizontal tube furnace. The furnace was heated at 700 °C for 30 min under N~2~ atmosphere (gas flow rate: 100 mL/min); (iii) C~2~H~2~ gas (gas flow rate: 50 mL/min) was introduced into the tube for 5 min; (iv) After natural cooling of the furnace under N~2~ atmosphere, carbon-coated YAG:Ce^3+^(C\@YAG:Ce^3+^) was taken out; and, (v) C\@YAG:Ce^3+^ was heat treated in BN crucible at 1500 and 1650^o^C for 2 h in N~2~ atmosphere (C\@YAG:Ce^3+^-1500 °C, C\@YAG:Ce^3+^-1650 °C). As a comparison, a similar procedure of heat-treatment was carried out for the uncoated YAG:Ce^3+^. The obtained powders were milled in Si~3~N~4~ mortar by hand for further measurements.

Photoluminescence spectra (PL) were measured by a fluorescence spectrophotometer (Model F-4600, Hitachi, Tokyo, Japan) with a 200 W Xe lamp as an excitation source. The emission spectrum was corrected for the spectral response of the monochromator and photomultiplier tube (R928P, Hamamatsu Photonics K.K., Hamamatsu, Japan) by a light diffuser and tungsten lamp (Noma Electric Corp., New York, NY, USA; 10 V, 4 A). The photoluminescence excitation (PLE) spectrum was also corrected for the spectral distribution of the Xe lamp intensity by measuring Rhodamine-B as a reference.

The phase formation was analyzed by X-ray diffraction (XRD; Model PW 1700, Philips, Eindhoven, The Netherlands) using Cu Kα radiation at a scanning rate of 2°/min. The microstructure was observed by using High-Resolution Transmission Electron Microscopy (HRTEM; 2100F, JEOL, Tokyo, Japan). Energy-Dispersed Spectroscopy (EDS) was done at room temperature in a high-resolution-field emission Scanning Electron Microscope (SEM; SU8000, Hitachi, Tokyo, Japan). SEM and cathodoluminescence (CL) measurements were performed in a field emission SEM (S4300, Hitachi) equipped with a CL system (MP32S/M, Horiba, Kyoto, Japan) at 5 kV and room temperature. To perform cross-sectional analysis, mirror surface of phosphor particles were produced by using Ar ion cross section polisher (SM-09010, JEOL Ltd., Tokyo, Japan) after embedded in an epoxy resin (G2, Gatan Inc., Pleasanton, CA, USA) \[[@B27-materials-10-01180]\].

3. Results {#sec3-materials-10-01180}
==========

3.1. IIIa Phase Formation, Microstructure and Morphology {#sec3dot1-materials-10-01180}
--------------------------------------------------------

[Figure 1](#materials-10-01180-f001){ref-type="fig"} shows the XRD patterns for untreated YAG:Ce^3+^, C\@YAG:Ce^3+^, C\@YAG:Ce^3+^-1500 °C and C\@YAG:Ce^3+^-1650 °C, respectively. All of the peaks are sharp with high intensity, suggesting good crystallinity. Most of the peaks in all of the samples are in good agreement with the standard diffraction peaks of YAG (JCPDS Card No. 33-0040), indicating the main phase is YAG with the garnet phase. No XRD peaks for crystalline carbon are detected in C\@YAG:Ce^3+^ samples, suggesting that the carbon film deposited on the surface of YAG:Ce^3+^ is amorphous or very thin. Some additional peaks due to secondary phases are detected for C\@YAG:Ce^3+^-1500 °C. Their nature will be discussed in the following. Interestingly, these secondary peaks are not observed for C\@YAG:Ce^3+^-1650 °C.

Microstructures of the C\@YAG:Ce^3+^, C\@YAG:Ce^3+^-1500 °C, and C\@YAG:Ce^3+^-1650 °C samples are examined using HRTEM. Through CVD, carbon material has been successfully coated on the surface of YAG:Ce^3+^ phosphor particles ([Figure 2](#materials-10-01180-f002){ref-type="fig"}). The coating layer is estimated to have a thickness of 9.1 nm, corresponding to 26 atomic layers. The distance between every two layers is approximately 0.35 nm, quite similar to the interlayer spacing in multilayer grapheme \[[@B28-materials-10-01180]\]. Typical HRTEM images of C\@YAG:Ce^3+^ ([Figure 2](#materials-10-01180-f002){ref-type="fig"}a) show a very uniform contrast inside the YAG host, indicating that the synthesized YAG sample has no extended defects. The identified planes have d-spacings 3.23 and 3.03 Å, indexed as (321) and (004) plane of YAG, respectively, and their planar angle is 74.3°. It should be noted that no C coating layers are observed for both C\@YAG:Ce^3+^-1500 °C and C\@YAG:Ce^3+^-1650 °C samples. In the C\@YAG:Ce^3+^-1500 °C sample, the image reveals obvious multi-domain nanostructures ([Figure 2](#materials-10-01180-f002){ref-type="fig"}b). Besides the major phase ascribed to YAG, there are other secondary phases present in the C\@YAG:Ce^3+^-1500 °C sample. As shown in the XRD patterns of [Figure 1](#materials-10-01180-f001){ref-type="fig"}, YBO~3~ phase is detected in C\@YAG:Ce^3+^-1500 °C as a result of reaction between Y~2~O~3~ and the B~2~O~3~ impurity from BN crucible. d-spacing (3.14 Å), measured from the HRTEM images in the left domain, approximately matches with the value 3.07 Å of YBO~3~ (101) (JCPDS No. 16-0277). d-spacings (1.44 Å and 1.59 Å) and their planar angle (63.2°) calculated in the adjacent domain correspond to the (103) and (110) plane of hexagonal AlN (JCPDS No. 25-1133). Therefore, C\@YAG:Ce^3+^-1500 °C sample is not a single-phase phosphor, but consists of YAG, yttrium oxide (i.e., YBO~3~, as also detected in XRD result), and AlN (not detected in XRD result, probably because Al and N are light elements), indicating reaction between YAG host and C in the heat-treatment process at high temperature 1500 °C, proposed as follows. $$\begin{array}{l}
\left. Y_{3}{Al}_{5}O_{12} + (7.5 - 3x)C + \left( {2.5 - x} \right)N_{2}\rightarrow 1.5Y_{2}O_{3} + {xAl}_{2}O_{3} + \left( {5 - 2x} \right){AlN} + (7.5 - 3x){CO} \right. \\
\left. Y_{2}O_{3} + B_{2}O_{3}\rightarrow 2{YBO}_{3} \right. \\
\end{array}$$

On account of carbothermal reaction of Al~2~O~3~ to form AlN, the Gibbs equation can be expressed by ΔG = 689.9 × 10^3^ − 0.353 × 10^3^T + RTln ($P_{CO}^{3}$/$P_{N_{2}}$) \[[@B23-materials-10-01180],[@B29-materials-10-01180]\]. In the standard state, the temperature should reach 1680 °C to trigger the reaction. It may be noted that the partial pressure of CO is lower than standard state (P(CO) \<\< 1 atm), making the actual reaction temperature lower than 1680 °C. Therefore, the content of nitrided AlN is low and part of Al~2~O~3~ remains in C\@YAG:Ce^3+^-1500 °C. This explains why AlN and Al~2~O~3~ is absent in the corresponding XRD patterns ([Figure 1](#materials-10-01180-f001){ref-type="fig"}), possibly due to low amount of AlN and Al~2~O~3~ in C\@YAG:Ce^3+^-1500 °C. However, only pure YAG phase is observed for C\@YAG:Ce^3+^-1650 °C ([Figure 2](#materials-10-01180-f002){ref-type="fig"}c), indicating the re-dissolution of the yttrium oxide, Al~2~O~3~ and AlN into YAG lattice. It should be noted that the contrast is not uniform, which should be caused by the composition variation of YAG after the segregation-dissolution cycle.

3.2. IIIb Average Photoluminescence and Local Cathodoluminescence Properties Related to Chemical Composition and Structure {#sec3dot2-materials-10-01180}
--------------------------------------------------------------------------------------------------------------------------

It has shown that the phase and composition of YAG:Ce^3+^ can be adjusted via carbon coating and heat-treatment, through which the luminescence properties of YAG:Ce^3+^ can be tuned. To get a direct impression about the effects of heat-treatment on the coated samples, photographs of uncoated and coated samples under 365 nm light are shown in [Figure 3](#materials-10-01180-f003){ref-type="fig"}a. However, no colour emission changes are observed for the uncoated samples. This was confirmed by PL spectra ([Figure S1 in the supporting information](#app1-materials-10-01180){ref-type="app"}). The emission colour is clearly changing for the different coated samples: no emission is observed for C\@YAG:Ce^3+^ before heat-treatment; and, C\@YAG:Ce^3+^-1500 °C sample exhibits a whitish emission, while C\@YAG:Ce^3+^-1650 °C exhibits the yellow emission colour typical for YAG: Ce^3+^. These results suggest that phase and composition tuning, observed by XRD and HRTEM, induces a big transition in luminescence properties. PL measurements on untreated YAG:Ce^3+^, C\@YAG:Ce^3+^-1500 °C, and C\@YAG:Ce^3+^-1650 °C are shown in [Figure 3](#materials-10-01180-f003){ref-type="fig"}b,c. All PLE spectrum recorded at 540 nm shows 2 broad bands at 340 and 460 nm, which correspond to the transitions of ^2^F~5/2~ to two lowest lying 5d states, respectively. Under 460 nm excitation, the PL spectra consist of a broad emission with their peaks around 530--540 nm related to the 5d-4f transition of Ce^3+^ in YAG, with the inset showing the normalized PL spectra by their respective maxima. The emission intensity is 2500, 2200, and 3100 for untreated YAG:Ce^3+^, C\@YAG:Ce^3+^-1500 °C, and C\@YAG:Ce^3+^-1650 °C, respectively. As it can be clearly seen in the inset of [Figure 3](#materials-10-01180-f003){ref-type="fig"}c, the exact band position is somewhat different for each sample. The emission peak is at 534 nm for untreated YAG:Ce^3+^, 532 nm for C\@YAG:Ce^3+^-1500 °C, and 538 nm for C\@YAG:Ce^3+^-1650 °C, which may suggest a difference in terms of local environment of Ce^3+^ and/or a change in the valency of Ce ions. According to HRTEM analyses, AlN can be partly produced through carbothermal reaction in N~2~ atmosphere in C\@YAG:Ce^3+^-1500 °C. Here, a similar carbothermal reaction could happen for C\@YAG:Ce^3+^-1650 °C. With increasing the temperature from 1500 to 1650 °C, formed N will be introduced into YAG lattice and replace the O atom. The replacement of O by N results in a larger crystal field splitting of the 5d energy level of Ce^3+^, and thus a shift of the 5d → 4f emission peak of C\@YAG:Ce^3+^-1650 °C to lower energy compared to that of untreated YAG:Ce^3+^ \[[@B17-materials-10-01180],[@B30-materials-10-01180]\]. As the XRD pattern of C\@YAG:Ce^3+^-1500 °C shows the existence of secondary phases, the excitation wavelength has been changed in order to investigate any possible secondary emission bands. [Figure 3](#materials-10-01180-f003){ref-type="fig"}d shows the PLE and PL spectra for C\@YAG:Ce^3+^-1500 °C. Interestingly, when excited at 365 nm, the PL spectrum consists of a new blue emission band at 420 nm and a weak emission at 532 nm of Ce^3+^ in YAG, which results in a whitish colour. The PLE spectrum taken at 420 nm mainly consists of a band at 365 nm with a shoulder at 340 nm. It has to be noted that the blue emission is only observed for C\@YAG:Ce^3+^-1500 °C, and not for C\@YAG:Ce^3+^-1650 °C. Similar to untreated YAG:Ce^3+^, C\@YAG:Ce^3+^-1650 °C shows a single strong yellow emission. It suggests that the phase composition of C\@YAG:Ce^3+^-1500 °C is very different from that of C\@YAG:Ce^3+^-1650 °C, which may be ascribed to the carbothermal reaction between YAG and carbon.

In order to understand in more detail the mechanisms responsible for the presence of the blue emission observed for C\@YAG:Ce^3+^-1500 °C and the enhancement of YAG:Ce^3+^ emission for C\@YAG:Ce^3+^-1650 °C, we have performed local analysis of different YAG:Ce^3+^ samples by using SEM, CL, and EDS. [Figure 4](#materials-10-01180-f004){ref-type="fig"} shows the SEM images for untreated YAG:Ce^3+^ (a), C\@YAG:Ce^3+^-1500 °C (b), and C\@YAG:Ce^3+^-1650 °C (c). The untreated YAG:Ce^3+^ powders consist of large particles with a diameter of \~10 μm and an apparent smooth surface. The C\@YAG:Ce^3+^-1500 °C powders consist of aggregated particles with an apparent size of few tens μm, which may be related to the fusion of several YAG:Ce^3+^ grains. At certain locations, the surface of these particles shows some irregularities, while in others, the surface seems smooth. The C\@YAG:Ce^3+^-1650 °C powders have particles with an apparent size of only a few μm, which is much smaller compared to untreated YAG:Ce^3+^ and C\@YAG:Ce^3+^-1500 °C. [Figure 4](#materials-10-01180-f004){ref-type="fig"}d shows the CL spectra of various samples, with inset CL spectra normalized by their respective maxima. The intensity of the 540 nm band is 21,000, 35,000, and 63,000 for untreated YAG:Ce^3+^, C\@YAG:Ce^3+^-1500 °C, and C\@YAG:Ce^3+^-1650 °C, respectively. However, as it may be seen in the inset, the emission of C\@YAG:Ce^3+^-1500 °C and C\@YAG:Ce^3+^-1650 °C sample are slightly blue-shifted and red-shifted, respectively, as compared to untreated YAG:Ce^3+^ as similarly observed by PL, suggesting a difference in the local environment of Ce^3+^ or concentration of Ce^3+^. On the other hand, the clearest difference between the samples is observed among the secondary bands in the 250--450 nm range. For untreated YAG:Ce^3+^, a relatively sharp emission is observed at 320 nm, which may be related to Gd^3+^ (315 nm) \[[@B31-materials-10-01180]\]. The secondary bands are at 330 and 395 nm for C\@YAG:Ce^3+^-1500 °C, while at 350 nm for C\@YAG:Ce^3+^-1650 °C.

[Figure 5](#materials-10-01180-f005){ref-type="fig"} shows the CL images taken at 540 nm corresponding to the previous SEM images and local CL spectra taken on locations indicated by the arrows in the images for untreated YAG:Ce^3+^ (a,b), C\@YAG:Ce^3+^-1500 °C (c,d), and C\@YAG:Ce^3+^-1650 °C (e,f). For untreated YAG:Ce^3+^, the 540 nm emission is relatively well distributed among the particles. The sharp bands at 320 nm are just occasionally observed, a fortiori mainly near the edge of the particles. For C\@YAG:Ce^3+^-1500 °C, some areas show a very strong 540 nm emission, which is much higher than that of untreated YAG:Ce^3+^, while a very weak in other parts. It is noted that the relative emission intensity and spectral shape found in CL are slightly different compared to those found in PL, which may be related to the differences between light and e-beam irradiation and/or to optical detection differences. As already mentioned, UV and blue emissions are also observed, suggesting the existence of a Ce^3+^-doped secondary phase. The purple blue emission shows a maximum at 395 nm with a secondary maximum at 425 nm. Such doublet emission with an energy difference of about 1780 cm^−1^ is characteristic of the spin-orbit splitting of the 4f^1^ ground state of Ce^3+^ into a doublet (^2^F~7/2~ and ^2^F~5/2~). For C\@YAG:Ce^3+^-1650 °C, the 540 nm emission is relatively uniformly distributed. In addition, two weak emission bands at 310 and 350 nm are observed, depending on the measured locations. It may be noted that contrary to untreated YAG:Ce^3+^, the UV emissions are more commonly observed.

In order to identify these additional bands, we have investigated the luminescence and chemical distribution by CL and EDS imaging on cross-sectioned samples. [Figure 6](#materials-10-01180-f006){ref-type="fig"} shows the cross-sectional CL images taken at 330 nm (a) and 540 nm (b) for untreated YAG:Ce^3+^. The 540 nm emission is well distributed in the particles, while UV emission slightly more at the edge of the particles. The EDS measurements did not reveal any particular elemental distribution.

During cross-sectional CL observations, it was found that the C\@YAG:Ce^3+^-1500 °C areas could be categorized into two types: one presenting few large-size phases coexisting inside the particle, and another presenting many small areas with different luminescence properties. They will be called Type A and Type B, respectively, in the following. [Figure 7](#materials-10-01180-f007){ref-type="fig"} shows cross-sectional CL images taken at 330 (a), 395 (b), and 540 nm (c) and Al (d), Y (e) and O (f) distributions for C\@YAG:Ce^3+^-1500 °C/Type A. The CL image taken at 540 nm indicates that the particles show the clear presence of large areas with different intensity. These patches seem to follow a core-shell distribution. However, it should be noted that the centre is the brightest for some particles and darkest for others. The CL images at 330 and 395 nm do not show such distribution, being comparatively well-distributed. No particular Al, Y, or O distributions are observed. Local CL (g) and EDS (h) spectra were taken on arrows indicated in the images. All of the CL spectra consist of the same bands: a broad band at 350 nm and the 540 nm band. Interestingly, while the 350 nm intensity is comparable for all of the positions, the intensity of the 540 nm band is 2--5 times higher for the spectra taken from the bright parts of the 540 nm image when compared to those from the dark ones. EDS spectra are similar to each other, all of which are consisting of Al, Y, and O.

[Figure 8](#materials-10-01180-f008){ref-type="fig"} shows cross-sectional CL images taken at 330 (a), 395 (b) and 540 nm (c) and Al (d), Y (e), and O (f) distributions for C\@YAG:Ce^3+^-1500 °C/Type B. The CL image taken at 540 nm shows the presence of many small patches inside the particle. Most of these patches have a diameter of \~2 μm. Particles also show the presence of different areas with different intensity. The 395 nm image seems complementary to that at 540 nm, while the 330 nm image seems to be more intermediate between the 395 and 540 nm images. It suggests that there is the coexistence of three phases inside the particles, with the one responsible for the 330 nm emission being at the interface between the two others. By EDS imaging, it is found that Al and Y elements are distributed in a complementary way. It seems that the Al distribution is more in agreement with the 330 nm image. To confirm these observations, local CL and EDS spectra have been taken on arrows indicated in the images, as shown in [Figure 8](#materials-10-01180-f008){ref-type="fig"}g,h, respectively. Three types of CL spectra can be clearly identified. The CL spectrum from point 1 mainly consists of a broad band at 330 nm, while the EDS spectrum shows that it is Al-rich and Y-poor. The CL spectra from points 2 and 3 mainly consist of the doublet emission at 395 and 425 nm, while the EDS spectra show that these regions are Al-poor and Y-rich. B element is hardly detected due to its low sensitivity factor. Finally, the CL spectra from points 4 and 5 consist of the main YAG:Ce^3+^ emission with secondary bands at 350 and 395 nm, while the EDS spectra show that these regions are Al- and Y-rich. As for the origin of doublet emission at 395 and 425 nm, it should not come from the luminescence of AlN:Ce^3+^, which shows excitation peak at 280 nm and emission peak at 473 nm in the PL spectra \[[@B32-materials-10-01180]\]. Based on these observations and literature information, we can attribute the 330 nm emission to defects in Al~2~O~3~-like phase (F^+^ center) \[[@B33-materials-10-01180]\], 350 nm to defects in YAG:Ce^3+^ (Y~Al~ antisite defects, i.e., Y~Al~ AD) or to AlN (N vacancy or O interstitial, i.e., V~N~, O~i~) \[[@B34-materials-10-01180],[@B35-materials-10-01180],[@B36-materials-10-01180]\], and 395--425 nm doublet emission to Ce^3+^ in YBO~3~ phase \[[@B37-materials-10-01180]\]. It is interesting to note that the emission from the patches observed in the 540 nm image have a much stronger intensity when compared to those of the untreated YAG:Ce^3+^ or the C\@YAG:Ce^3+^-1500 °C/Type A, suggesting a modification of the YAG:Ce^3+^phosphor, such as a reduction of residual Ce^4+^ into Ce^3+^ due to the strong reducing power of C. It is reasonably supposed that some reactions are induced at 1500 °C between C layer and YAG particles, and that the C\@YAG:Ce^3+^-1500 °C/Type A and B correspond to different intermediate states of this reaction.

[Figure 9](#materials-10-01180-f009){ref-type="fig"} shows the cross-sectional CL images taken at 330 (a,c) and 540 nm (b,d) for C\@YAG:Ce^3+^-1650 °C at different magnifications. The 540 nm images reveal that the aggregated particles consist of uniformly bright small grains of about 1 um size separated by weakly luminescent grain boundaries. Namely, the C\@YAG:Ce^3+^-1650 °C particles consist in reality of aggregates with few microns diameter. The 330 nm images show that the UV emission is more intense at the edge of the bigger particles, while it is more uniformly distributed for the smaller ones. Local CL spectra shown in [Figure 9](#materials-10-01180-f009){ref-type="fig"}e show that the main bands are the Ce^3+^ emission in YAG:Ce^3+^ (at about 540 nm), and two small bands at 310 and 350 nm. The exact nature of the 310 nm emission is not clear, but we can presume that it is related to defects in YAG or the secondary phases. The intensity of Ce^3+^ emission is comparable to those found for C\@YAG:Ce^3+^-1500 °C/Type B. The EDS measurements did not reveal any particular elemental distribution.

4. Discussion {#sec4-materials-10-01180}
=============

Based on the above results, it was found there are different luminescent characteristics involved in the YAG:Ce^3+^, C\@YAG:Ce^3+^-1500 °C, and C\@YAG:Ce^3+^-1650 °C samples. Undoubtedly, the 540 nm emission in all of the samples is due to the well-known 5d-4f transition of Ce^3+^ in the YAG host lattice. It is still confusing about the origin of the UV emissions. Since Blasse and Bril reported the presence of a UV emission band besides the yellow emission of YAG:Ce^3+^ under cathode-ray excitation in 1967 for the first time \[[@B3-materials-10-01180]\], there were many papers published which discuss these UV emissions. According to these reports, the nature of the UV emission in YAG:Ce^3+^is related to radiation of an exciton localized around Y~Al~ AD (LE(AD) centers), by recombination luminescence of Y~Al~ AD or by the luminescence of F^+^ centers. To make an overview of the observed UV emissions in this paper, [Table 1](#materials-10-01180-t001){ref-type="table"} summarizes all of the emission peaks and possible origins.

From PL and CL emission spectra, we found an increase of the intensity of YAG:Ce^3+^ for C\@YAG:Ce^3+^-1650 °C, the appearance of a blue Ce^3+^-related emission at 395--425 nm for C\@YAG:Ce^3+^-1500 °C, and changes in the luminescent centres responsible for UV emissions for the different samples. XRD, HRTEM, SEM-CL and SEM-EDS observations have revealed that the C\@YAG:Ce^3+^-1500 °C particles consist of several phases coexisting inside the same particles, while C\@YAG:Ce^3+^-1650 °C particles are composed of strongly aggregated luminescent submicron YAG:Ce^3+^ grains. Ce^3+^-doped YAG is considered to be stable at high temperatures, which is confirmed by XRD and PL analyses on uncoated YAG:Ce^3+^ heated at 1500 and 1650 °C in N~2~ atmosphere, as shown in [Figure 1](#materials-10-01180-f001){ref-type="fig"} and [supporting information (Figures S1 and S2)](#app1-materials-10-01180){ref-type="app"}.

Thus, the evolutions of the luminescence properties as a function of heat-treatment temperature are explained by a reaction between C and YAG:Ce^3+^ induced by heating, as illustrated by [Figure 10](#materials-10-01180-f010){ref-type="fig"}. We may suppose that C will react with O of YAG to form gas, like CO in N~2~ atmosphere~,~ thus inducing the formation of oxygen vacancies or inducing carbothermal reduction and nitridation reactions. It would be expected that this reaction will occur at the interface between YAG and the C layer. However, the CL images for C\@YAG:Ce^3+^-1500 °C clearly show that the complete particle is affected by such reaction. It may be due to the self-diffusion of oxygen in YAG, which was attributed to the migration of oxygen vacancies \[[@B41-materials-10-01180]\], or to diffusion along grain boundaries between the crystallites, which is faster than bulk diffusion. Gradually, YAG will become poorer and poorer in O, which will result in the formation of non-stoichiometric YAG. This situation may correspond to C\@YAG:Ce^3+^-1500 °C /Type A. Then, consequently, YAG may become unstable, and start to be decomposed into Y~2~O~3~ (later transformed to YBO~3~ as a result of B~2~O~3~ impurity), Al~2~O~3~ and nitrided AlN via carbothermal reduction and nitridation, resulting in a distribution of various luminescent particles, as observed for C\@YAG:Ce^3+^-1500 °C /Type B. A mixing of the types A and B is observed for the C-coated YAG:Ce^3+^ particles heated at 1500 °C. We can imagine that the reactions are dependent on the particle size and/or C thickness, which is most certainly not uniform among the YAG particles. Moreover, since the apparent size of the particles increases after 1500 °C heat-treatment, we may suppose that some YAG particles are fused together. It may be noted that some AlN was observed by HRTEM, which suggests that part of decomposed Al~2~O~3~ will react with C to form AlN through carbothermal reduction and nitridation in N~2~ atmosphere. By increasing the heating temperature, the reaction may be enhanced, suggesting that the situation observed for C\@YAG:Ce^3+^-1650 °C corresponds to the most advanced state of the reaction. This hypothesis is in agreement with the fact that C\@YAG:Ce^3+^-1500 °C/Type B shows the existence of YAG:Ce^3+^ areas of few μm diameter with a very strong 540 nm emission, which is comparable to those observed for C\@YAG:Ce^3+^-1650 °C. In C\@YAG:Ce^3+^-1650 °C, the 350 nm emission, attributed to defects in YAG or in AlN, is more uniformly distributed inside the particles, while the 540 nm emission redshifts and becomes stronger. These results suggest that the composition of YAG:Ce^3+^ change, probably related to the incorporation of N, and/or further reduction of Ce^4+^ into Ce^3+^ in the presence of C. In addition, no Al~2~O~3~ or Ce^3+^-doped YBO~3~ related emissions are observed for C\@YAG:Ce^3+^-1650 °C. It indicates that Ce^3+^-doped YBO~3~ and AlN/Al~2~O~3~ dissolve again to form modified YAG:Ce^3+^.

Still, many follow-up investigations can be done in order to optimize these reactions, which can be promising ways to enhance the emission intensity of YAG:Ce^3+^, and more generally, other oxide phosphors such as aluminates and silicates, and to control their particle size. Interestingly, in addition, the present method shows potential to tune the overall emission colour by varying the proportion ratios between blue-emitting YBO~3~:Ce^3+^ and yellow-emitting YAG:Ce^3+^, which makes it possible to achieve white light with such a phosphor when excited by a UV-LED chip.

5. Conclusions {#sec5-materials-10-01180}
==============

In the present work, it has been demonstrated that the composition and luminescence properties of YAG:Ce^3+^ phosphor can be modified through the reaction between YAG:Ce^3+^ and carbon. The carbon coating on surface of YAG:Ce^3+^ powders can be achieved by CVD, followed by heating C\@YAG:Ce^3+^ at 1500 and 1650 °C in N~2~ atmosphere, which promotes carbothermal reduction and nitridation reactions. It has been found that the emission intensity of YAG:Ce^3+^ increases for C\@YAG:Ce^3+^-1650 °C, and interestingly, a new blue emission band in the range of 395--425 nm is observed for C\@YAG:Ce^3+^-1500 °C. By using local analysis, these results can be explained by a reaction between C and YAG, resulting in a decomposition of YAG into Y-rich and Al-rich phases. The most advanced step of this reaction is the formation of aggregates of fine YAG:Ce^3+^ particles with an enhanced Ce^3+^ emission. Consequently, the emission colour of the YAG:Ce^3+^ phosphors can be varied from yellow, white, and then back to yellow under UV excitation due to phase, particle size, and composition modifications with increasing heat-treatment temperature on C\@YAG:Ce^3+^. Such reactions are expected to occur also for other oxide phosphors, which supports a new strategy to tune the emission colour and improve the luminescence intensity of other oxide phosphors.
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![X-ray diffraction (XRD) patterns for untreated YAG:Ce^3+^, C\@YAG:Ce^3+^,C\@YAG:Ce^3+^-1500 °C and C\@YAG:Ce^3+^-1650 °C. The arrows indicate the additional peaks ascribed to secondary phases.](materials-10-01180-g001){#materials-10-01180-f001}

![High-Resolution Transmission Electron Microscopy (HRTEM) images for C\@YAG:Ce^3+^ (**a**); C\@YAG:Ce^3+^-1500 °C (**b**) and C\@YAG:Ce^3+^-1650 °C (**c**).](materials-10-01180-g002){#materials-10-01180-f002}

![(**a**) Pictures of uncoated and C-coated YAG:Ce^3+^samples under UV-365nm light after heat-treatment at different temperature; (**b**) photoluminescence excitation (PLE) spectra recorded at 540 nm and (**c**) PL spectra under 460 nm excitation for untreated YAG:Ce^3+^, C\@YAG:Ce^3+^-1500 °C and C\@YAG:Ce^3+^-1650 °C under 460 nm excitation, with inset PL spectra normalized by their respective maxima and (**d**) PLE and PL spectra recorded at different wavelength for C\@YAG:Ce^3+^-1500 °C.](materials-10-01180-g003){#materials-10-01180-f003}

![SEM images for untreated YAG:Ce^3+^ (**a**); C\@YAG:Ce^3+^-1500 °C (**b**); C\@YAG:Ce^3+^-1650 °C (**c**) and (**d**) CL spectra for untreated YAG:Ce^3+^, C\@YAG:Ce^3+^-1500 °C, and C\@YAG:Ce^3+^-1650 °C, with inset of CL spectra normalized by their respective maxima.](materials-10-01180-g004){#materials-10-01180-f004}

![Cathodoluminescence (CL) images taken at 540 nm corresponding to the previous SEM images (**a**,**c**,**e**) and local CL spectra taken on locations indicated by arrows in the images (**b**,**d**,**f**) for untreated YAG:Ce^3+^ (**a**,**b**), C\@YAG:Ce^3+^-1500 °C (**c**,**d**) and C\@YAG:Ce^3+^-1650 °C (**e**,**f**).](materials-10-01180-g005){#materials-10-01180-f005}

![Cross-sectional CL images taken at 330 nm (**a**); and 540 nm (**b**) for untreated YAG:Ce^3+^; (**c**) Local CL spectra taken on locations indicated by arrows in the images.](materials-10-01180-g006){#materials-10-01180-f006}

![Cross-sectional CL images taken at 330 (**a**); 395 (**b**) and 540 nm (**c**) and Al (**d**); Y (**e**) and O (**f**) distributions for C\@YAG:Ce^3+^-1500 °C/Type A; Local CL (**g**) and Energy-Dispersed Spectroscopy (EDS) (**h**) spectra taken on locations indicated by arrows in the images. In the EDS spectra, the first peak at 0.25 keV is ascribed to the carbon from epoxy resin in the pre-treatment of cutting before doing cross-sectional CL measurements.](materials-10-01180-g007){#materials-10-01180-f007}

![Cross-sectional CL images taken at 330 (**a**); 395 (**b**) and 540 nm (**c**) and Al (**d**); Y (**e**) and O (**f**) distributions for C\@YAG:Ce^3+^-1500 °C/Type B; Local CL (**g**) and EDS (**h**) spectra taken on locations indicated by arrows in the images. In the EDS spectra, the first peak at 0.25keV is ascribed to the carbon from epoxy resin in the pre-treatment of cutting before doing cross-sectional CL measurements.](materials-10-01180-g008){#materials-10-01180-f008}

![Cross-sectional CL images taken at 330 and 540 nm for C\@YAG:Ce^3+^-1650 °C at x2000 (**a**,**b**) and ×7000 (**c**,**d**) magnifications, respectively; (**e**) and, Local CL spectra taken on locations indicated by arrows in the images.](materials-10-01180-g009){#materials-10-01180-f009}

![Schematic illustration of reaction process between C and YAG:Ce^3+^. (**1**) In the beginning, C reacts with YAG:Ce^3+^, which induces the formation of oxygen vacancies or induces carbothermal reduction and nitridation reactions; (**2**) Part of non-stoichiometric YAG starts to be decomposed into Y~2~O~3~, Al~2~O~3~ and nitrided AlN, resulting in a distribution of various luminescent particles with different particle size in C\@YAG:Ce^3+^-1500 °C; (**3**) As increasing the heat-treatment temperature, the decomposition of YAG:Ce^3+^ is enhanced, followed by the dissolution of formed YBO~3~ and AlN/Al~2~O~3~, forming modified YAG:Ce^3+^sample with aggregated particles consisting of small grains of about 1 um size in C\@YAG:Ce^3+^-1650 °C.](materials-10-01180-g010){#materials-10-01180-f010}
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###### 

Overview of the emission peaks and their possible origins in YAG:Ce^3+^,C\@YAG:Ce^3+^-1500 °C, and C\@YAG:Ce^3+^-1650 °C samples.

  Sample                  Emission Peak/nm   Origins                          Ref.
  ----------------------- ------------------ -------------------------------- -----------------------------------------------------------------------------------
  YAG:Ce^3+^              320 (sharp)        Gd^3+^ impurity                  \[[@B31-materials-10-01180]\]
                          540                YAG: Ce^3+^                      
  C\@YAG:Ce^3+^-1500 °C   330                F^+^ center in Al~2~O~3~         \[[@B33-materials-10-01180]\], This work
                          350                Y~Al~ ADin YAG/V~N~,O~i~in AlN   \[[@B34-materials-10-01180],[@B35-materials-10-01180],[@B36-materials-10-01180]\]
                          395                F^+^center in YAG                \[[@B34-materials-10-01180],[@B38-materials-10-01180],[@B39-materials-10-01180]\]
                          395--425 doublet   YBO~3~: Ce^3+^                   \[[@B37-materials-10-01180]\], This work
                          540                YAG: Ce^3+^                      
  C\@YAG:Ce^3+^-1650 °C   310                LE(AD) in YAG                    \[[@B35-materials-10-01180],[@B40-materials-10-01180]\]
                          350                Y~Al~ AD in YAG                  \[[@B34-materials-10-01180],[@B35-materials-10-01180]\]
                          540                YAG:Ce^3+^                       

[^1]: These authors contributed equally to this work.
